Bacteriophage 7-7-1 is shown to adsorb specifically to the complex flagella of its host Rhizobium lupini HI3-3, Deflagellation of motile cells before the addition of phage leads to a complete inhibition of phage propagation for at least 60 min. Among phage-resistant mutants, many non-motile (mot) and non-flagellated (fla) derivatives of R. lupini HI3-3 have been selected. Electron microscopic observations indicate that bacteriophage 7-7-1 attaches with its short tail fibres to the conspicuous helical filament of R. lupini flagella. This attachment is reversible; irreversible phage adsorption takes place at the flagellar base. It is postulated that phage 7-7-1 moves along the rotating flagellum towards a final receptor next to the insertion site of the flagellum, where tail contraction and injection of phage nucleic acid occurs.
INTRODUCTTON
Bacteriophages are generally classified as flagellotropic if infection of host cells depends on the presence of active bacterial flagella. Two morphological types of flagellotropic phages have been described in the literature. One type, such as phage Chi of Salmonella (Meynell, 196 i) has a long, non-contractile tail (Schade &Adler, 1967; !ino & Mitani~ 1967; Edwards & Meynell, I968; Lovett, I97Z; Jollick & Wright, 1974) . The second type is represented by bacteriophage PBS-I of Bacillus subtilis and has a contractile tail (Joys, 1965; Eiserling, I967) .
Although the mechanism of infection by these phages has not been elucidated in detail, several lines of evidence indicate that the particles initially attach to the rotating flagellar filament by their tail fibre(s) and then somehow move to the base of the flagellum, where they inject their DNA into the host (Schade, Adler & Ris, 1967; Raimondo, Lundh & Martinez, 1968; Lovett, 1972; Berg & Anderson, 1973) .
In this report, evidence is presented to show that the infection of Rhizobium lupini Hr3-3 (Gabor, 1965) by bacteriophage 7-7-I (Lotz & Mayer, I972) proceeds via the complex flagella of this strain. R. lupini H13-3 is motile and has 5 to 1o peritrichously inserted complex flagella (Schmitt et al. I974a) . Complex flagella possess a novel type of filament consisting of a cylindrical core surrounded by three bands of a helical sheath (Schmitt, Raska & Mayer, I974b) . So far, such flagella have only been demonstrated in certain strains of soil bacteria.
A preliminary report on the adsorption-specificity of phage 7-7-I has been given recently (Schmitt, Lotz & Mayer, I975 Electron microscopy. Negatively stained samples were prepared by the procedure of o/ uranyl acetate (pH 4"8). Microscope Valentine, Shapiro & Stadtman (1968) with 2/o magnifications were tested by using a replica of an optical grating. The microscope employed was a JEOL rooB (Japan Electron Optics Laboratory Co. Ltd, Tokyo).
RESULTS

Phage morphology and adsorption
The first description of phage 7-7-I has been given by Lotz & Mayer (1972) . The phage head has a diam. of 68 nm and appears hexagonal in outline in electron micrographs of negatively stained particles (Fig. I) . The phage tail has a total length of 135 nm and a diam. of2o nm. The contracted tail is slightly shorter and thicker (about ro ~). The phage possesses an unusual collar, which surrounds the tail at the region adjoining to the head. Short fibres can be observed at the free end of the phage tails (Fig. i) ; the fibres have a length of about r8 nm and frequently appear splayed or bushy at their distal ends. When phage 7-7-I was added at multiplicity of infection (m.o.i.) Io to a growing culture of Rhizobium tupini HI3-3 and incubated for 3o min, phage particles were found adsorbed to cell wall areas near the flagellar base (Fig. z) . The heads of these phages were usually filled with stain indicating that their DNA content had been ejected prior to staining.
In a parallel experiment a m.o.i, of Ioo was used. in this case, the majority of phage particles was found attached to or located very close to the bacterial flagella, while most of the cellular surface appeared phage-free (Fig. 3) . The ends of the tails of most phage particles visible in Fig. 3 appeared not to be in direct contact with the flagella. The fraction of phage particles seen attached to the flagella varied between different preparations. Contact may therefore be relatively weak and reversible. Most likely, the particles were initially attached to the flagellar filaments and subsequently detached during the staining procedure.
These observations may be explained by the finding that flagellar motility is required for Fig. 4 . Bacteriophage growth after addition of phage 7-7-1 to sonicated (A--A) and untreated (0--0) cells of R. lupini H~3-3. An exponentially growing culture of strain HI3-3 was divided into two halves, only one of which was sonicated at 50 W for to s. Both cultures were then adjusted to a cell titre of 2 x io8/ml nutrient broth and phage 7-7-i was added at m.o.i. = t. After I5 min of phage adsorption the mixture was diluted ~o ~ times and incubated further at 30 °C. Samples were taken at 30 rain intervals and plaque-formers were determined by the soft agar layer-technique.
infection by flagellotropic phages (Meynell, ~96I ; Schade et aL r967). At low m.o.i., most phage particles reach the cell surface by moving along rotating fagella. In contrast, a high input of phages may lead to an immediate cessation of flagellar rotation owing to a sudden increase of the torque applied, thus preventing phages from reaching their final receptor at the flagellar base.
Correlation between flagellation and phage growth
The dependence of phage propagation on the presence of flagella of R. lupini Hr3-3 was tested directly in the following experiment. Cells from an exponentially growing culture of strain Hr 3 3 were deflagellated by sonicating for Ios. Phage 7-7-~ was added at m.o.i, of I to the sonicated sample and to an untreated control culture. Phage growth was followed by a single-step growth experiment (Fig. 4) . Upon the infection of non-sonicated cells an average burst size of approx. I2O and a latent period of about 60 min was observed. In contrast, phage progeny did not appear in the sonicated sample until at least I2o rain after addition of phage.
The lo s-sonication caused a complete deflagellation of the cells, since light microscope observations indicated a complete loss of motility. The reduction of viable titres was less than IO ~. The 60 rain lag in phage production observed with the sonicated bacteria is, therefore, attributed to a transient absence of functional flagella, thus leading to a delay of phage adsorption.
Non-motile phage-resistant mutants
Since the infection by bacteriophage 7-7-I depends on intact bacterial flagella, a selection for phage resistance should produce mutants of R. lupini H~3-3 defective in their flagellar machinery, In order to test this possibility, spontaneous and NTG-induced bacterial mutants resistant to phage 7-7-1 were isolated. These were then screened for motility and the presence or absence of flagella. Of about 500 phage-resistant colonies inspected, approx.Io ~oo were non-motile (mot) having inactive flagella, 75 ~ were incapable of producing flagella (fla). A third group of phage-resistant mutants (15 ~) had motile flagella; this class may lack, for example, the cell wall receptor for phage adsorption or may be defective in a host factor required in the lytic cycle. As revealed by electron microscopy, two of the mot derivatives (strains RI45 and RI93) of R. lupini HI 3 3 have unusually long and curved flagellar hooks (Fig. 5) , named polyhooks (Silverman & Simon, I972). In electron micrographs they often appear as composite polymers consisting of several hook units of 60 nm length. Flagella with polyhooks are non-motile.
A further experiment determined whether phage 7-7-1 could still adsorb to the two mot mutants and to thefla mutant Rz6 (Fig. 6) . The titre of free phage 7-7-1 particles was assayed at different times after the addition of phage to exponentially growing cultures of wild type strain H13-3 and of mutant strains RI45, RI93 and R26, respectively. A significant (and initially exponential) decrease in the phage titre was only observed with wild type bacteria, but not with any of the mutant -. It was, therefore, concluded that the presence of functional flagella of R. tupini H13-3 is a prerequisite for phage 7-7-I adsorption and infection.
When examining samples of phage-treated cultures of the mutant strains RI45 and RI93 by electron microscopy, the phage particles are frequently found associated with the poly- . Test for adsorption of phage 7-7-1 to wild type R. lupini H13-3 ( 0 --0 ) , to its mot derivatives R145 (A) and R~93 (D), and to its fla derivative R26 ( 0 ) . Phage 7-7-I was added to an exponentially growing culture (in nutrient broth at a cell titre of z x lo~/ml) of each strain to give m.o.i. = 2. Samples were withdrawn at the times indicated and trealed with chloroform to inactivate the bacteria. After a loo-fold dilution, samples were assayed for free, plaque-forming phages. Fig. 7 -Electron micrograph of phage 7-7-1 particles ass6ciated with the polyhooks of flagella isolated from the mot mutant R~45. I6 w. LOTZ, G. ACKER AND R. SCHMITT hooks of detached flagella ( Fig. 7 ; experimental conditions as for Fig. 6 ). This association must be reversible, since the titre of free phage particles did not noticeably decrease in the presence of the mutant strains. DISCUSSION Bacteriophage 7-7-I specifically adsorbs to the complex flagella of Rhizobium lupini HI3 3 and requires motility for a productive infection of its host. This is indicated by five different lines of evidence: (I) 85 ~ of the mutants of strain HI 3-3 selected for resistance to phage 7-7-I were either offla or mot type. It was shown that such mutants are unable to adsorb a significant fraction of 7-7-~ particles. (2) Phage 7-7-I propagation by the wild type strain HJ3-3 is inhibited for at least 6o min, if the cells are deflagellated by sonication prior to the addition of phages. The increase in phage titres about I2o rain after sonication (Fig. 4, lower curve) is presumably due to re-growth of detached flagella, thus leading to the delayed production of phages. (3) Electron microscopic observations indicate that phage 7-7-1 attaches (reversibly) to the flagella of strain HI3-3. Irreversible phage adsorption obviously occurs only at a site near the flagellar base, where phage particles with empty phage heads were observed. (4) As described for other flagellotropic phages (Meynell, t96~; Raimondo et al. I968 ) addition of phage 7-7-~ to a culture of motile R. lupini Hr3-3 ceils leads to an immediate arrest of active cell movement and to a clumping of the bacteria (unpublished observation). (5) The e.o.p, of flagellotropic phages strongly depends on the water content of the plating media owing to the need for actively rotating flagella. Accordingly, phage 7-7-t plates best on freshly prepared nutrient agar.
It is postulated that phage 7-7-I attaches with its tail fibres to the ftagellar filament of motile cells of R. lupini H~3-3 and then travels to the flagellar base, where injection of its nucleic acid occurs. Such a mechanism has been proposed for the attachment and adsorption of the flagellotropic phage X of Salmonella (Lindberg, I973), PBS-I of Bacillu~ subtilis, PBPI of B. pumilis (Lovett, I972), and ~b6 of Caulobacter vibrioides (Jollick & Wright, I974) .
It has been proposed that phage X moves along the flagellar filament 'like a nut on a bolt, the grooves between the helical rows of flagellin molecules serving as threads' (Berg & Anderson, I973) . In contrast to other known flagellotropic phages which attach to plain flagella, phage 7-7-I has only very short tail fibres. It is conceivable that the three helical grooves of the complex filament (Schmitt et al. I974a) serve as a thread for the short tail fibres of phage 7-7-I. The splayed or bushy fibre tips, seen in high resolution electron micrographs (Fig. 0 , may be responsible for the specific attachment to the complex flagellum.
Whereas heads of phages attached to the flagellar filament usually appear full, those adsorbed near the flagellar base frequently show empty heads. In addition, the tails of irreversibly adsorbed particles are approx, io ~ shorter and thicker (Fig. 3) than those of free (Fig. ~) or reversibly attached (Fig. 2) phages. From these observations it is assumed that the 7-7-I phage tail is slightly contractile.
To our knowledge, flagella-specific bacteriophages for the genus Rhizobium have not been described previously in the literature. However, phage 7-7-I has a striking resemblance to phage WTI of Rhizobium trifolii, which has a relatively wide, slightly contractile tail with very short tail fibres (Barnet, T972 ) . It would be interesting to see whether this similarity also pertains to the mechanism of adsorption.
The host-range of phage 7-7-I is confined to R. lupini H~3-3. Since, of all strains tested, only strain HI3-3 has complex flagella (Schmitt et al. I974 a) it is most likely that the adsorption of phage 7-7-t is specific for this structural type of filament. On the other hand, phage 7-7-~ does not infect Pseudomonas rhodos, another soil bacterium known to bear complex flagella (Schmitt et al, r974b ) .
